Influence of doping with alkaline earth metals on the optical properties of thermochromic VO2 J. Appl. Phys. 117, 185301 (2015) A metrology and data analysis protocol is described for high throughput determination of thermochromic metal-insulator phase diagrams for lightly substituted VO 2 thin films. The technique exploits the abrupt change in near infrared optical properties, measured in reflection, as an indicator of the temperature-or impurity-driven metal-insulator transition. Transition metal impurities were introduced in a complementary combinatorial synthesis process for producing thin film libraries with the general composition space V 1−x−y M x M ′ y O 2 , with M and M ′ being transition metals and x and y varying continuously across the library. The measurement apparatus acquires reflectance spectra in the visible or near infrared at arbitrarily many library locations, each with a unique film composition, at temperatures of 1
I. INTRODUCTION
The development of functional property diagrams, namely, diagrams relating material structure, composition, temperature, and functional properties of interest, is a significant step in the commercialization of new materials. Propertyphase diagram generation is a labor and resource intensive task to identify with precision the temperature and composition of phase boundaries and the properties within the phase region and therefore is a materials research problem particularly well suited to the strengths of thin film combinatorial science because the continuously varying compositions permit probing phase boundaries with high compositional resolution. Numerous examples of combinatorially investigated phase diagrams in functional thin film materials have been reported. [1] [2] [3] [4] [5] [6] [7] The metal-insulator transition and concomitant tetragonal-monoclinic structural transition in VO 2 have been of significant interest since its discovery. 8 Because of the transition's accessible temperature (68
• C) and the profound and abrupt shift in functional properties, VO 2 has the potential for a) Author to whom correspondence should be addressed. Electronic mail: sara.barron@nist.gov. b) M. P. Patel and N. Nguyen contributed equally to this work.
widespread use in applications such as bolometers, 9 optical switches, 10 and thermochromic smart windows. [11] [12] [13] Phase diagrams have been reported based on temperature, [14] [15] [16] strain, 15, 17 electron density, 18, 19 oxygen stoichiometry, 20 and chemical impurities.
14, 21 The transition has been observed directly and indirectly, inferring the structural or electronic transition from calorimetry 22 or abrupt changes in measurements of electrical conductivity, 8, 14, 15, 23, 24 near infrared (NIR) optical constants, [23] [24] [25] [26] [27] [28] magnetic susceptibility, 8, 14 diffraction, 14 or Raman shifts. 19, 25, 29 While depositing thin films with continuously varying composition gradients, for example, from multiple chemically distinct magnetron sputter sources, has long been possible, 30, 31 combinatorial synthesis has recently benefitted from progress in inkjet printing 32 and predictive models for combinatorial physical vapor depositions 33, 34 that increase the capability for design of libraries with the desired composition space. Throughput-matched metrologies in recent years include both general use tools (structure, composition, etc.), 35 as well as those that are driven by a desired materials function or application, such as electronic and optical properties, [36] [37] [38] thermoelectric properties, [39] [40] [41] or catalytic activity for electrochemical reactions. 42, 43 Advanced data mining tools [44] [45] [46] [47] can increase the throughput and type of knowledge gained from these experiments.
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In this paper, we describe a high throughput non-contact metrology for developing temperature-composition phase diagrams of the thermochromic transition in combinatorial thin film libraries of lightly substituted VO 2 . The metrology utilizes the abrupt and significant change in NIR optical constants, measured in reflection, as an indicator of the metalinsulator and structural phase transition. The phase diagrams produced with the apparatus described here contribute to understanding the factors driving the VO 2 -type transition in doped systems.
The optical measurements made, both in the visible and NIR, are most applicable to the use of substituted VO 2 materials as thermochromic window coatings. These energy-saving smart windows dynamically adjust their transparency to NIR solar radiation based on ambient temperature, with design criteria such as the temperature, width, and magnitude of the NIR thermochromic transition as well as maintaining high transparency to visible radiation. 11 Though pure VO 2 exhibits the desired transition in NIR optical properties, it does so at a temperature too high (68
• C) for window applications, and so, transition metal impurities such as W and Mo at cation substitution levels of <5% are used to depress the transition temperature to [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] • C. [11] [12] [13] Other impurities, for example, Mg, may be used to enhance transparency in the visible range. 27, 48 
II. LIBRARY SAMPLE PREPARATION
Thin film combinatorial libraries were deposited by pulsed laser deposition (PLD) using a technique previously described for our system. 49, 50 Briefly, a KrF laser (248 nm) was pulsed at ceramic targets of V 2 O 5 , WO 3 , CaO, and/or Nb 2 O 5 , cyclically and in rapid succession with deposition from each target centered on a different part of the 76.2 mm diameter substrate. The thin film libraries for this study were in the general composition space V 1−x Nb x O 2 and V 1−x−y W x Ca y O 2 , with x and y varying continuously with position on the library. Substrates were single-side polished p-type silicon wafers (10 15 -10 18 cm −3 ), with the native silicon dioxide layer. During deposition, they were radiatively heated to a substrate temperature of 530
• C, and films were deposited in a partial oxygen pressure of 0.7 Pa.
The oxide film libraries deposited in this way have a lateral cation composition gradient in the range of 0.1%/mm-3%/mm over the cation composition range of greater than 99% V to 50% V, 49, 50 with a coincident gradient in film thickness. The maximum film thickness of approximately 200-300 nm was in the most V-rich region of each library. In this V-rich region of the libraries, the film microstructure was polycrystalline VO 2 with no strong crystallographic texture. 50 In analyzing the thermochromic behavior, we assume that the library films are smooth and that there are no nanostructural features that affect measurements of the thermochromic transition.
To map the varying film compositions on the library, a measurement appropriate to the materials system must be made at many locations on the library; this could be x-ray fluorescence (XRF), energy dispersive spectroscopy (EDS) or wavelength dispersive spectroscopy (WDS), or x-ray photoelectron spectroscopy (XPS). XPS has been used to find the ratio of metal cations for selected locations on the V 1−x−y W x Ca y O 2 library, while the V 1−x Nb x O 2 library has been mapped more thoroughly, with the details and results presented elsewhere.
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III. INSTRUMENT ASSEMBLY AND VALIDATION
A. Apparatus
We have assembled a high-throughput measurement tool for characterizing thermochromic transitions in VO 2 -based thin films. Analysis of the thermochromic behavior data is automated and rapid, implemented in a custom MATLAB script. The tool collects reflectance spectra at numerous arbitrary locations across a combinatorial thin film library while it is held at temperatures between 1
• C and 85
• C. A similar instrument was developed by researchers for constructing phase diagrams of Mott insulators in the La 1−x Sr x MnO 3 system; 1 our system has been designed to provide information of greater applicability to smart windows, including thermochromism at visible and near infrared frequencies.
Figures 1(a) and 1(b) are digital photographs of the assembled apparatus, comprising a thermoelectric heater/chiller, an x-y translation stage, a near infrared spectrometer, a white light source, an optical fiber bundle designed for reflectance, and an enclosure for atmospheric control. Each component and data storage is then automated in an envelope LabVIEW program.
The measurement protocol has three primary steps: (1) ramp to and stabilize at a desired sample temperature; (2) inplane translation of the thin film library to numerous different locations below a stationary reflectance probe; and (3) at each location, measure the infrared reflectance. In this way, a dataset is built up of the infrared reflectance as function of temperature and sample location. Since the infrared reflectance is characteristic of the crystalline phase, the resulting data represent a series of composition-phase diagrams at different temperatures, or with some analysis, the thermochromic phase transition characteristics (e.g., transition temperature, hysteresis) as a function of elemental composition.
We note that in order to achieve high-throughput data collection on this instrument, we evaluate thermochromic behavior from reflection measurements only. This is in contrast to many studies of VO 2 thermochromism in which a VO 2 thin film is prepared on an IR transparent substrate and measurements are made of its infrared transmission and, sometimes, reflection. 12, 25, 26, 51 These "one-off" experiments require preparing films on small substrates which are individually heated and measured in a commercial spectrophotometer. Often these instruments lack the necessary capabilities to accommodate a 76.2 mm combinatorial library and to automate the collection of many localized measurements. To make these accommodations in our high-throughput instrument, we limit optical access to one side of the substrate and hence measure only in reflection.
The thermoelectric heater/chiller is a TECMount 284 and is controlled by a TECSource 5 A/12 V power supply, both from Arroyo Instruments (San Luis Obispo, CA). The cold plate has lateral dimensions of 90 mm × 90 mm. To ensure consistent substrate placement, an L-shaped copper brace was machined and mounted on two edges of the cold plate. The two flats of the silicon substrate are placed against the L-shaped brace, and a copper clip holds the exposed corner, as is shown in Fig. 1(b) and schematically in the inset to Fig. 2(b) . The temperature of the cold plate is reported from the thermistor embedded within it.
The heater/chiller was mounted on the x-y translation stage, which was mounted to the optical table (breadboard). The translation stage (Griffin Motion, Holly Springs, NC) allows 100 mm of travel in two directions in a plane parallel to the optical table surface and to the cold plate. It is controlled and powered by a stepper motor controller (BSC 102, ThorLabs, Newton, NJ).
A fiber-optic coupled NIR spectrometer with a detection range of 900-2500 nm (NIRQuest 256-2.5, Ocean Optics, Dunedin, FL) was employed. The reflectance probe is held stationary, normal to and approximately 2 mm from the sample. It is mounted to the optical table and cantilevered over the plane in which the sample translates with standard optical components. A fiber bundle probe from Ocean Optics (R200-7-VIS-NIR) contains a center fiber that returns reflected light to the spectrometer and six surrounding fibers that deliver radiation from the white light source (HL-2000 or LS-1, Ocean Optics). Each fiber is 0.2 mm diameter. The measurement area is estimated to be 1.5 mm detector is 1 ms, and an average of ten integrations is used for each library location. To prevent moisture condensation on the library wafers at temperatures as low as 1
• C, the apparatus was enclosed in a PlexiGlass box with flowing nitrogen-enriched air (Figure 1 /h (13 standard ft 3 /h). The nitrogen generator filtered the compressed air (supplied at 0.7 MPa (100 psi) from the building source) to nominally 99% pure N 2 . After 15 min of flow, the air inside the enclosure was oxygen deficient and low humidity, as a noted by an Altair O 2 sensor and a household Acurite humidity sensor, respectively. There was no apparent water condensation on the cold plate at temperatures as low as 1
• C for up to 30 min.
B. Temperature calibration
To evaluate the difference between the temperature reported by the thermistor and the surface temperature of a thin film library, fine gauge (80 µm diameter) K type thermocouples (TCs) were pasted to a 76.2 mm diameter bare silicon wafer and monitored by a handheld thermocouple reader, while the wafer was heated and cooled through a series of temperature steps. Simultaneously, the internal thermistor temperature was recorded every 0.2 s. Several temperature steps are shown for two separate calibration runs in Figure 2 (a). The magnitude of each step was in the range of 2
• C-4
• C, and the temperature was allowed to stabilize for 120 s-600 s, while the surface temperatures were recorded.
The calibration runs in Figure 2 (a) differed in both the heater control (proportional-integral-derivative, or PID) settings and the placement of the surface thermocouples. In an early study using this instrument, 50 prior to optimizing the PID settings, the heater overshot the setpoint temperature by up to about 0.6
• C for up to 100 s. After optimizing the PID settings, the temperature overshoot was less than 0.15
• C. In both cases, the surface temperatures recorded at 120 s after setting a new setpoint were essentially identical. (During reflectance measurements for thermochromic behavior, the temperature was allowed to settle for 180 s after reaching each new setpoint.)
Five calibration runs were performed over different ranges of heater temperature. In three, the thermocouples were pasted to the surface with an alumina epoxy in the center of the silicon wafer and on the edge (B) of the wafer close to the minor flat, as shown in Figure 2 (b) inset. In the others, the thermocouples were attached with silver paste to the center of the wafer and to the other edge (A).
In Figure 2 (b), the average surface temperatures are reported over the full range of the heater operation with error bars given as the standard deviation of 4-8 measurements made over two or three calibration runs. As expected, we observed surface temperatures higher than the internal plate temperature as the plate was cooled below ambient temperature (22 ± 2
• C), and lower surface temperatures for heater setpoints greater than ambient temperature. Further, the difference between the internal temperature and the surface temperatures and between the two surface temperatures increased as the difference between the heater temperature and the ambient temperature increased. At the highest temperatures evaluated (heater setpoint of 83.5
• C), the surface temperature at the center of the wafer was 0.8 ± 0.1
• C cooler and at edge B was 1.
A linear fit was made between the surface temperatures (T surf ) and the temperature recorded by the internal thermistor (T int ),
For thermochromic reflectance measurements, only the temperature of the internal thermistor was recorded automatically; the surface (library) temperature was then calculated using this linear fit.
As an alternative to the linear fit, a two dimensional model could be made to account for the spatial variation in surface temperatures. However, the correction is quite limited; at the highest setpoint temperatures (84
• C), the spatial variation in surface temperatures across the wafer is at most 0.3
• C, as seen in Fig. 2(b) , while the difference between the surface temperature reported by the linear model here and the two dimensional model is at most 0.12
• C. Instead, we account for this variation by reporting surface temperatures with an uncertainty of ±0.2 • C.
C. Normalization of the spectral reflectance
The reflectance spectra were normalized to the reflectance from a Au film deposited on a silicon wafer, according the equation
where I was the raw reflectance spectrum reported by the spectrometer, I Au was the raw reflectance from the Au, and I dark was the spectrum reported when the light source was cut off. Gold was chosen for its high reflectivity in the near infrared. The optical fiber bundle reflectance probe collects mostly specularly reflected light, and no attempt was made, e.g., via an integrating sphere, to collect diffusely scattered light.
We note that the thin film libraries were deposited on silicon substrates, and that silicon is partially transparent in the near infrared, with both a transmittance and a reflectance of about 40% for a single-side polished silicon wafer. 52 The lightly substituted VO 2 based films of our study also have a partial but temperature-dependent transparency in the near infrared. Hence, the reflectances reported by our technique are not characteristic solely of the VO 2 based film, but rather of the ensemble of the VO 2 based film and the silicon substrate. Nevertheless, temperature-dependent changes in the NIR reflectance are attributed to changes in the optical properties of the film, as the reflectance from a bare silicon wafer did not change with temperature up to 85
• C. To validate our metrology for characterizing the thermochromic transition in lightly substituted VO 2 films, selected reflectance spectra from a pure VO 2 film of about 280 nm thickness are presented in Figure 3 (a), along with the reflectance spectrum from a bare silicon substrate at 22 ± 2
• C. The silicon reflectance was relatively constant at about 35% across the full wavelength range of the detector.
In contrast, the reflectance from the VO 2 film on silicon increased substantially between 63.4 ± 0.2
• C and 79.0 ± 0.2
• C during heating. For finer details, Figure 3 (b) displays the reflectance spectrum at each of the 41 temperature steps this film experienced. The spectra show an increase in reflectance across a broad range of near infrared wavelengths, from roughly 1500 nm-2400 nm.
Given the large number of reflectance spectra in the combinatorial libraries, it is desirable to decrease the dimensionality of the data for automation of data analysis and ease of visualization. In Figure 3(c) , we plot the transition temperature on heating and on cooling derived using the sigmoidal fit analysis described below from reflectances at 1064 nm, 1550 nm, 1700 nm, 2000 nm, 2200 nm, and 2500 nm, representing two widely available NIR lasers and wavelengths that have been used in the thermochromic literature. 13, 21, [24] [25] [26] 50, 53 For thermochromic smart window applications, we additionally plot the transition temperatures derived from an average reflectance weighted by the solar irradiation spectrum on the surface of the earth. 23, 54 There was some hysteresis in the thermochromic
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• C higher than the transition on cooling. The error bars on this plot represent the 95% confidence intervals in the fit parameter for the sigmoidal fit described in Sec. IV; they are in the range of ±0.4
• C to ±1 • C. With the exception of the derived transition temperature at 1064 nm, a wavelength at which there is very little difference in NIR reflectance across the transition, the transition temperatures are relatively constant, but do decrease by 2
• C for heating and by 1
• C for cooling with increasing wavelength. Further analysis on a greater number of samples will be necessary to determine whether this effect is more general and statistically significant. When the reflectance spectra are averaged by weighting to the solar irradiation spectrum, the derived transition temperatures are sensitive to the smaller reflectance changes occurring at lower frequencies (∼1000 nm) because of the greater solar radiation at these and visible frequencies.
In this paper, as a compromise between the greater solar radiation at lower wavelengths and the greater heating associated with higher wavelengths, we represent the reflectance spectra by the reflectances at wavelengths of 1700 nm. At this wavelength, the transition occurred at 74.1 ± 0.4
• C on heating and at 69.2 ± 0.6
• C on cooling, which is in reasonable agreement with the transition temperature of 68
• C reported for single crystal and polycrystalline films of VO 2 . 8, 11 In Fig. 3(d) , for the same VO 2 film, the reflectance at 1700 nm is plotted at each of the 41 temperatures measured in the heating-cooling cycle.
The abrupt change in near infrared reflectance is interpreted as evidence of the metal-insulator transition and concomitant structural phase transformation and can be used as a low cost, non-contact surrogate measurement of the transition temperature and thermal hysteresis. We note that our tool's large spot size (mm 2 ) and long temperature ramp (seconds) render it insensitive to phase co-existence or transient features of the first order VO 2 phase transformation that have been observed using techniques with better spatial, temporal, and/or thermal resolution. 16, 55, 56 Instead our interest is in thermochromic window applications and the impurity concentrations that effect the desired thermochromic response at application-specified temperatures. Transient features of the transition event have limited impact on the present work.
IV. APPLICATION TO COMBINATORIAL THIN FILM LIBRARIES
A. Measurements and analysis of near infrared thermochromic behavior
For combinatorial libraries, reflectance spectra are collected at different library locations, each with a unique film composition, and at many temperatures. Figure 4 displays the 7520 reflectance spectra collected from a thin film library of the composition space V 1−x−y W x Ca y O 2 , with the magnitude of the reflectance given by color. As represented in Figure 4 (a), for this library, 160 library locations were measured in a snakelike pattern at each temperature, and then the temperature was stepped to the next setpoint temperature over 47 temperature steps. The total time to collect the 7520 spectra was 19.8 h.
In Figure 4 (b), the reflectance spectra are displayed in the order in which they were collected, starting at the lowest temperature (16.3 ± 0.2
• C) (bottom), heating to 82.7 ± 0.2 • C, and then cooling again (top). At each of the 47 measurement temperatures, reflectance spectra were collected at 160 different library locations, each representing a unique film composition. As the library was heated, some regions of the library sample, i.e., some regions of the represented This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: composition space, transitioned from a low to a high reflectance state. At increasing temperatures, more and more of the library film transitioned to the high reflectance state. The transition was reversible, with the low reflectance returning as the library was cooled to 16.3 ± 0.2 • C. To clarify the measurement protocol, Figure 4 (c) zooms in on the reflectance spectra taken at the first three measurement temperatures. Here, we can see that even at a uniform temperature, 16.3 ± 0.2
• C, e.g., the 160 different library locations exhibit different levels of reflectivity. This is because each library location has a different film composition and film thickness. These same 160 library locations were probed at 18.3 ± 0.2
• C, and then at 20.2 ± 0.2 • C, with no discernible change in reflectance with temperature at these low temperatures. However, the variations within the library give rise to the repeat pattern with a periodicity of 160 spectra per temperature which is seen in Fig. 4(b) . (Because of the NIR transparency of the silicon substrate, we do not measure absolute reflectance; rather, we analyze the temperature-dependent change in reflectance at each location to determine the transition temperatures.) Each measurement location (unique film composition) was evaluated independently for a thermochromic transition. Figure 4 (d) displays only the 47 spectra that were collected at the location x = 53 mm, y = −35 mm, at which a thermochromic transition was observed at 52.5 ± 1.1
• C during heating and 49.3 ± 1.2
• C during cooling. The shape of the reflectance spectra is similar to those for pure VO 2 in Figure 3(b) , but with a transition at a lower temperature. , in which the oxygen stoichiometry is assumed to be approximately 2 because of the presence of the VO 2 -type thermochromic transition. In each reflectance map, the magnitude of the reflectance at 1700 nm is represented both by the color and the size of the marker, and the sample temperature is in the lower left corner. An animation of reflectance maps for this library, at all 47 measurement temperatures, is available online as the supplementary material. 57 We found that the lowest transition temperatures were found in the region with moderate W doping and display a noticeable increase in reflectance by 44.0 ± 0.2
• C (see, for example, the measurement location x = 43 mm, y = −40 mm). In contrast, the region with moderate Ca doping (for example, x = 83 mm, y = −43 mm) did not transition until higher temperatures. When the library was heated to 59.4 ± 0.2
• C, a region between the VO 2 and WO 3 depositions had transitioned to the high reflectance state. By 82.7 ± 0.2
• C, approximately 46% (21 cm 2 ) of the library, composed of the most VO 2 -rich regions, had transitioned to a more highly reflective state. The transition was largely reversible; after the 19.8 h measurement when the library was cooled to the initial temperature of 16.7 ± 0.2
• C, the reflectances returned to within 5.4% of their initial measured reflectance. (The reflectances were uniformly higher in the initial measurement with a median reflectance decrease of 2.8%, even in regions of the film that did not exhibit a thermochromic transition (data available in the supplementary material 57 ). The apparent decrease in reflectance may be from a decrease in the intensity of the light source over the 19.8 h measurement. In future studies, this
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: decrease could be compensated for by a change in protocol that calls for remeasuring the reference Au film at each temperature setpoint.) To determine the transition temperature associated with each measurement location in a high throughput and repeatable fashion, we implemented a simple analysis protocol in MATLAB. First, we plotted the reflectance at 1700 nm versus the temperature as the library went through a thermal cycle of heating and then cooling, as seen for a few different library locations (film compositions) in Figure 6 .
Second, to identify the characteristic temperatures, sigmoidal fits of the following form were made to both the heating and cooling halves of the thermal cycle and superimposed on the curves in Fig. 6 :
where R is the NIR reflectance at 1700 nm; T is the measurement temperature; and R1, R2, T o , and m are fitting parameters that can be understood, respectively, as the reflectance at low temperature, the reflectance at high temperature, the temperature of the inflection point, and parameter related to the slope at the inflection point. The fit parameters were found with a least squares estimation implemented in MATLAB. The sharpness of the transition, defined as the full width at half maximum (FWHM) of the first derivative of the heating curve, 58 was also calculated from the first derivative of Equation (3) and the fit parameters. The resulting T o coefficients were defined as the transition temperatures on heating or cooling, with the average defined as the transition temperature. To account for the uncertainty in the T o fit parameters (up to ±1.2
• C) and the variation in surface temperatures (up to ±0.2
• C), composite transition temperatures are reported with a combined uncertainty of ±1.7
• C. For each of the four film locations in Fig. 6 , the transition temperatures on heating and cooling were represented as dumbbells above the reflectance vs. T curve.
The transition temperatures for the four film locations in Fig. 6 were 65.2 ± 1.7
• C, 59.5 ± 1.7
• C, 50.9 ± 1.7
• C, and 37.2 ± 1.7
• C, representing a transition temperature FIG. 6 . For the four locations (compositions) on the V 1−x−y W x Ca y O 2 library film, the reflectance at 1700 nm as a function of temperature. The sigmoidal fits described in the text are superimposed, with a fine solid line (red) for the reflectance on heating and a fine dotted line (red) for the reflectance on cooling. The dumbbells above the reflectance loops denote the inferred transition temperatures, on heating and cooling, for each of the four locations. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: depression of more than 30
• C from the undoped polycrystalline VO 2 . The library location with the highest transition temperatures was in the region with the highest deposition rate of VO 2 and hence had the lowest dopant concentration, while locations further from the V oxide deposition center had higher dopant concentrations and transition at lower temperatures. We also found that the compositions with the highest transition temperatures also had the sharpest transitions, occurring over the smallest temperature range, while the transition at 37.2 ± 1.7
• C occurred gradually over a 29
• C range (i.e., a 29
• C sharpness).
Some regions of the film do not exhibit a thermochromic transition, for example, the lower left corner of Fig. 5 in which the reflectance does not change appreciably with temperature. The hysteresis curves for this region are not well-fit by Equation (3) and are excluded from further analysis. Within the MATLAB script, such sample locations were identified using criteria such as high temperature reflectances that are less than 10% greater than the low temperature reflectances; derived transition temperatures outside the bounds of the measurement temperatures; or differences of greater than 50
• C between the derived transition temperatures on heating and on cooling. Figure 7 (a) presents the transition temperatures derived from the sigmoidal fit analysis for the library whose reflectance is given in Fig. 5 . Regions of the film that did not exhibit a thermochromic transition as defined above are represented by open circles and occurred in regions of the highest CaO and WO 3 concentrations. In contrast, thermochromic transitions were observed in the region of the library with the highest VO 2 concentrations. This is expected since within this composition space, thermochromic behavior is only observed in VO 2 -type materials. The highest transition temperatures were 65
• C and were observed in the region of the film furthest from W deposition. Transition temperatures decreased continuously as the measurement location moved closer to the center of WO 3 deposition plume and to a less extent to the center of CaO deposition plume.
Tungsten impurities are known to depress the VO 2 transition temperature at the lowest concentrations among those transition metals that have been explored, at efficiencies of up to 23
• C/at. % W. 21 Calcium, in contrast, depresses the transition temperature at rates of only 0.5
• C/at. % Ca but increases transparency in the visible range, 48 similar to the effect of Mg impurities. 27, 28 Qualitatively, these reports are in agreement with the thermochromic library measurements here that the W doping was more effective at depressing the VO 2 transition temperature than Ca, with observed transition temperatures of 20-30
• C for regions of the library with intermediate W doping.
The difference between the inferred transition temperatures on heating and cooling is shown in Fig. 7(b) . This difference can be interpreted as the width of the hysteresis of the thermochromic behavior. For this library, this difference was usually less than 5
• C, but increased to about 10 • C at the highest W dopant concentrations (lowest transition temperatures). The sharpness of the transition during heating is plotted in Fig. 7 (c) and indicates the temperature range over which the transition occurs. The sharpness in most of the thermochromic region was in the range of 8
• C-11
• C, but increased to 35
• C in those regions with the highest W dopant concentrations and lowest transition temperatures. The shift to more gradual transitions with higher dopant concentrations is in agreement with the curves in Fig. 6 and those observed by other researchers, [12] [13] [14] 51 but may also be influenced by the crystallinity (grain size and orientation).
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B. Measurements of thermochromic behavior in the visible spectrum
Finally, for thermochromic window applications, it is valuable to characterize thermochromic behavior in the luminous (visible) spectrum, since temperature-driven or impurity-driven changes to visible light transmission will affect the aesthetic appeal of the window coating. metrology tool we developed does not allow transmission measurements, reflectance spectra in the visible spectrum can clarify whether a thermochromic transition that affects optical properties in the near infrared has a similar effect in the visible.
For these measurements, the spectrometer is switched out to a UV-VIS-NIR detector (USB 2000, Ocean Optics). Because of the greater sensitivity of the detector, a less intense light source (LS-1, Ocean Optics) was used with a neutral density filter. Figure 8 displays the reflectance at four temperatures of a V 0.96 Nb 0.04 O 2 film deposited on silicon. In Fig. 8(a) , the wavelength range of the detector was 400 nm-950 nm, while reflectances from the same film at similar temperatures from the NIR spectrometer are displayed in Fig. 8(b) . Because the Au film used to normalize the NIR spectra in Fig. 8(b) is transparent at wavelengths less than approximately 520 nm, it cannot be used to normalize the lower wavelength spectra in Fig. 8(a) . Instead, the reflectances at visible wavelengths ( Fig. 8(a) ) were normalized to the reflectance from a bare silicon substrate. However, the silicon was much less reflective than gold at nearly all wavelengths, and hence, the reflectance in Figs. 8(a) and 8(b) is not directly quantitatively comparable. Rather, the NIR spectra in Fig. 8(b) are presented only to demonstrate that the NIR thermochromic behavior in this Nbdoped VO 2 is similar to that in the pure VO 2 and the VO 2 codoped with W and Ca in Figures 3 and 4 , respectively.
For this film with a thickness of 140 ± 20 nm, spectroscopic reflectometry in the visible displays interference fringes associated with the film thickness and complex indices of refraction. From analysis of the NIR reflectances, this film underwent a thermochromic transition at 47.1 ± 1.7
• C, and it is evident that in addition to the NIR thermochromism, the two VO 2 phases also differ in their complex optical constants in the visible.
Though the type of visible light reflectometry displayed in Fig. 8(a) does not permit quantitative assessment of unknown optical constants, n + ik, we can make some qualitative comparisons between the low temperature and high temperature phases. To start, the high temperature reflectance spectra appear to exhibit a greater number of interference fringes (Fresnel reflections) within the visible frequencies (Fig. 8(a) ) than the low temperature spectra, indicating that in this spectral range, the high temperature refractive index n may be lower than that for the low temperature phase. Other researchers have made similar findings for undoped VO 2 , 28, 59 but the results for doped VO 2 have greater variation. 28 These reports also found that the extinction coefficient k was higher for the high temperature metallic phase, 28, 59 but our reflectometry results are not conclusive on this point.
The optical constants of the film at 22 ± 2 • C were derived from spectroscopic ellipsometry measurements performed on a vacuum ultraviolet variable angle spectroscopic ellipsometer (VUV-VASE) (the supplementary material 57 ). Because these measurements were performed at 22 ± 2
• C, below the thermochromic transition temperature for this film (47.1 ± 1.7
• C), only the low temperature semiconducting phase can be evaluated by ellipsometry. The results were analyzed with a fourlayer model: (1) an effective medium approximation (EMA) layer being a physical mixture of Lorentz and voids on (2) a two-Lorentz oscillator layer on (3) an SiO 2 layer (37 nm thick) on (4) a silicon wafer (500 µm thick), similar to the model described by Kakiuchida et al. for VO 2 films in their low temperature, semiconducting phase. 59 The two oscillators in the Lorentz model are understood as interband transitions in semiconducting VO 2 , associated with the band gap of 2.5 eV (500 nm) between O 2p electrons and the V 3d band and with the low temperature splitting of the V 3d at 0.6-0.7 eV (1700-2050 nm). 60, 61 57 ). This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: others, 28, 59 both n and k are high, characteristic of the low transparency of VO 2 materials.
V. CONCLUSIONS
We report a metrology for the high throughput generation of composition-dependent phase transition maps in lightly substituted VO 2 , by utilizing the near infrared thermochromism of the metal-insulator transition as a non-contact surrogate measurement. The apparatus automates spectroscopic reflectance measurements at sample temperatures of 1
• C-85
• C, at visible (400 nm-900 nm) or NIR (950 nm-2500 nm) wavelengths. The tool can map reflectance spectra at arbitrarily numerous temperatures and locations on a thin film combinatorial library of 76.2 mm diameter or smaller with an areal resolution of 1.5 mm 2 . From the NIR reflectance, a simple analysis has been implemented to identify thermochromic transition temperatures and regions of no transition in thin film combinatorial libraries with composition space V 1−x−y M x M ′ y O 2 . We also look for thermochromic behavior at visible wavelengths, generally considered undesirable for smart window applications, and the reflectance spectra in the visible can be used to quantify film thicknesses, using appropriate models, and to indicate film transparency. When coupled with high throughput film composition mapping, the metrology described enables high throughput phase diagram generation of thermochromic transitions in lightly substituted VO 2 ; these functional phase diagrams are a valuable contribution to the development and commercialization of energy-saving smart windows.
